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Direct measurements of the transport of nonequilibrium electrons in gold films
with different crystal structures
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Department of Physics, University of California, Irvine, California 92717
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Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, Virginia 23529

G. O. Smith, C. Suarez, and W. E. Bron
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(Received 16 July 1993)

The transport of femtosecond-laser-excited nonequilibrium electrons across polycrystalline and
single-crystalline gold films has been investigated through time-of-flight measurements. The thicknesses
of the films range from 25 to 400 nm. Ballistic electrons as well as electrons interacting with other elec-
trons and/or with the lattice have been observed. The ballistic component dominates the transport in
the thinner films, whereas the interactive transport mechanism is dominant at the upper end of the thick-
ness range. A slower effective velocity of the interactive component is observed in the polycrystalline
samples, and is assumed to arise from the presence of grain boundaries. The reflection coefficient of ex-
cited electrons at the grain boundaries is extracted from the experiment and is estimated to be r=0.12.
The experiment also suggests that thermal equilibrium among the excited electrons is not fully estab-

lished in the first ~ 500 fs after excitation.

The dynamics of nonequilibrium electrons in solids has
attracted considerable recent attention.! Nonequilibrium
electrons in metals can be excited by laser pulses with
durations less than, or comparable to, the excited-
electron energy-loss lifetime (7, ), such that a transient in-
equality between the effective electron and lattice temper-
atures (7, and T7) occurs. The excited electron popula-
tion can be probed through measurements of the tran-
sient differential reflectivity (or transmissivity) of the
sample. Loss of electron energy in the excited volume is
attributed to energy transfer to the lattice through
electron-phonon interactions plus electron transport out
of the excited region. It has been shown that the relaxa-
tion of the nonequilibrium electrons is influenced by the
crystal structure of the films, and by the consequent
enhanced electron-phonon scattering in the polycrystal-
line films.2 It has been established on experimental and
theoretical grounds that electron-grain boundary interac-
tions impede electron transport in polycrystalline films.>*
Earlier experiments on this topic investigated electrons
thermalized with the lattice through measurements of the
temperature dependence of the resistivity of thin poly-
crystalline films.> Unresolved, however, is the role of
grand boundaries in the transport of nonequilibrium elec-
trons in thin metal films. In the present experiment we
investigate the transport of femtosecond-laser-generated
nonequilibrium electrons in polycrystalline and single-
crystalline gold films, through measurements of the
time-of-flight across the film thickness which is made
possible through an application of a thermoreflectivity
technique with femtosecond resolution.®

A synchronously pumped femtosecond dye laser’ with
output pulses of ~ 150 fs duration at 2-eV photon energy
and 76-MHz repetition rate is used to excite the electrons
with ~ 100-uJ/cm? fluence per pulse on the front surface
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of the films. The beam is at near normal incidence and is
focused to a diameter of 15+2 um. The skin depth
D =15 nm. Since an excitation gradient is generated be-
tween the skin depth and the rest of the sample, transport
of the nonequilibrium electrons out of the excited volume
occurs simultaneously with electron energy relaxation
through electron-electron and electron-phonon interac-
tions. Excited electrons which reach the back surface of
the film introduce a change in the optical reflectivity
which is probed with an appropriately delayed laser
pulse. The probe beam is also at near normal incidence
and is focused to the same diameter as the pump beam,
but its intensity is always less than 10% of that of the
pump beam. The intensity of the pump beam is modulat-
ed with an acousto-optic modulator and the differential
reflectivity [AR /R(¢)] is detected with a lock-in
amplifier tuned to the modulation frequency.

In transient thermoreflectivity experiments the change
of reflectivity is related to the change in the occupation
number of electrons near the Fermi level.® The occupa-
tion number is probed by monitoring the transition prob-
ability from the d band to near the Fermi level.® Since
the electron occupation number is not a linear function of
the effective electron temperature, the change of the
reflectivity is generally not proportional to the effective
electron temperature at the surface.’ The nonlinearity
becomes appreciable at lower ambient temperatures and
large effective temperature excursions.’ Since the present
experiment is performed at room temperature with rela-
tively small pump laser irradiance, we assume a linear
correspondence between the effective electron tempera-
ture and the transient change in AR /T(t). Effects other
than changes in the effective electron temperature, such
as shifting of the Fermi level, and thermal expansion of
the lattice, can also cause reflectivity change, but they are
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not significant on the femtosecond time scale.!® Follow-
ing standard practices,">%%° corrections for the depth-
dependent contribution to AR /R (¢) (Refs 11 and 12) are
ignored in the data analyses.

The gold films are fabricated by evaporation. The film
thickness W is determined by a crystal thickness monitor
with an estimated absolute accuracy of better than
+20%. However the accuracy of the film thicknesses rel-
ative to each other is expected to be much better. Poly-
crystalline gold films are evaporated on ~ 1-mm-thick
sapphire substrates. Examination of films evaporated on
an electron microscope grid adjacent to the sapphire sub-
strate reveals a wide distribution of grain sizes with an
average of a,=161+2 nm. Single-crystalline gold films
are fabricated by epitaxial growth on a ~2-nm silver lay-
er grown on a heated NaCl crystal. The film is floated on
distilled water, washed in sulfuric acid to remove silver
and silver-gold alloy, then washed in distilled water. Fi-
nally the film is caught on a sapphire substrate.
Electron diffraction obtained from these films shows a
single crystal pattern in the (100) orientation. These
films are known to possess high dislocation densities
(10'°-10'/cm?) and twins.!?

The transient thermoreflectivity [AR /R (¢)] normal-
ized to its maximum value, and as measured on the
back surface of the polycrystalline gold film samples,
with thicknesses of 25, 100, 200, 300, and 400 nm, are
displayed in Fig. 1. Similar results obtained on single-
crystalline films are displayed in Fig. 2. As the thickness
of the films is increased the traversal time of the electrons
to cross the film, and therefore the delay in the transient
AR /R (1), is increased. The short delay times which are
observed indicate that energy is transported via electrons,
which are out of equilibrium with the lattice.® It is also
important to note that the time to reach the maximum
value of the transient AR /R (t), relative to its onset, also
increases with increasing sample thickness of the poly-
crystalline samples. This effect is considerably smaller in
the single-crystalline samples with thicknesses less than
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FIG. 1. The normalized transient thermoreflectivity signal
AR /R (t) measured at the back surface of 25-, 100-, 200-, 300-,
and 400-nm-thick polycrystalline gold films. The open circles
represent the one-parameter fit of Egs. (1a) and (1b) to data ob-
tained in the 400-nm-thick films.
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FIG. 2. The normalized transient thermoreflectivity signal
AR /R (t) measured at the back surface of 25-, 100-, 200-, 300-,
and 400-nm-thick single-crystalline gold films. The open circles
represent the one-parameter fit of Egs. (1a) and (1b) to data ob-
tained in the 400-nm-thick films.

400 nm. In order to measure the time required by the
first wave of electrons to traverse the films, we measured
the time to reach the signal onset of AR /R (t), relative to
the excitation at ¢+ =0, for different sample thicknesses.
For simplicity we assign the onset as 15% of the full sig-
nal level. The open symbols in Fig. 3 display the results.
The circles and triangles represent the polycrystalline and
single-crystalline samples, respectively. For each film
thickness, the delay of the peak of AR /R (t) corresponds
to the time required for the bulk of the excited electrons
to reach the back surface. Measurements determining
this delay (relative to ¢ =0) in both polycrystalline and
single-crystalline gold films are displayed by the filled
symbols in Fig. 3.

As can be seen in Fig. 3, the time for the first wave of
electrons to traverse the films is linear with sample thick-
ness for both polycrystalline and single-crystalline films if
the thickness is less than or equal to 300 nm. The linear
dependence of the traversal time on the sample thickness
is characteristic of ballistic transport, when the transport
of the excited electrons occurs without any interactions
among the electrons or between the electrons and the lat-
tice. The velomty of the ballistic component is measured
to be =10°% m/s in agreement with previously published
values.® In the case of the peak of AR /R (¢) a linear
dependence of the traversal times is observed for shorter
thicknesses, namely, up to 100 nm in both types of the
gold films. In the 400-nm-thick samples deviations from
the linear dependence are observed for the onsets as well
as for the peaks in both types of the gold films.

We interpret these results as follows. The transport of
the excited electrons across the films with thicknesses less
than or equal to 100 nm is mostly ballistic in both single-
crystalline and polycrystalline materials. As the thick-
ness of the film increases the fraction of the ballistic com-
ponent decreases, and the excess energy is carried by elec-
trons interacting with other electrons or/and with the
lattice. The electrons undergo one or more scattering
events, and we refer to them as the interactive component
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FIG. 3. The delay of the onset of the back surface AR /R (t)
as a function of the sample thickness measured at 15% of the
full signal intensity (open symbols), and at the peak (filled sym-
bols). The circles and triangles represent the data obtained in
polycrystalline and single-crystalline films, respectively. Each
data point is an average of four to six measurements, the error
bars represent the standard deviations. Solid line, line fit for the
first five experimental data points. Dashed line, parallel to the
solid line for the benefit of the reader. Inset, the maximum of
the back surface thermoreflectivity signal as a function of the
sample thickness AR /R™*(W) for polycrystalline and single-
crystalline gold films. Solid line, the two-parameter fit of the
a exp(— W /1) function to the data points.

of the transport. Interactive transport also includes the
possibility of pure diffusion. Due to the scattering events
the interactive electrons lose some of their excess energy
during the transport. Since the interactive electrons ar-
rive at the back surface of the sample later than the
ballistic electrons, the appearance of the peak of the tran-
sient AR /R (¢) signal is somewhat delayed. The effect is
observed to be stronger in the polycrystalline samples,!*
which indicates that the grain boundaries cause a slowing
of the transport of the excited electrons. In samples with
400 nm thicknesses the ballistic component is diminished
in both polycrystalline and single-crystalline samples.

We now turn to a quantitative analysis of the experi-
mental results. The dynamics of the excited electrons can
be modeled by a set of coupled differential equations,

which are frequently referred to as ‘“the two-

temperatured model””:!?
C(T,)dT,/0t=V(«kVT,)—G(T,—T;)+Plz,1), (1a)
C,dT,/3t=G(T,—T}), (1b)

where C,(T,) is the electronic heat capacity (usually as-
sumed to vary linearly with T,), « is the electronic
thermal conductivity, G is the electron-phonon coupling
parameter, P(z,t) is the spatial and temporal evolution of
the irradiance of the exciting laser pulse, and C, is the
heat capacity of the lattice. The use of Egs. (1a) and (1b),
however, requires the establishment of an electron tem-
perature T,. In several experiments which investigated
the dynamics of laser excited hot electrons, it was gen-
erally assumed that the electron system thermalizes very
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rapidly so that an electron temperature exists within the
time resolution of the experiments which is ~ 100 fs.! On
the other hand, it has also been suggested by several au-
thors that the time scales for electron thermalization and
for electron-phonon energy transfer may overlap, and
therefore, the electron temperature may not be well
defined.”!>1¢ Recently Fann et al. have demonstrated
that the thermalization of the hot electrons in gold can be
as long as ~670 fs under special circumstances.!””!® An
electron thermalization time of ~ 500 fs was measured in
the case of weak excitations.!® The above results impact
the interpretation of the present experiment in a number
of ways. By definition, the ballistic electrons are not in
thermal equilibrium. The presence of ballistic com-
ponent is observed up to ~500 fs which means that
thermal equilibrium among the electrons is not fully es-
tablished during this time interval. On the other hand, as
is mentioned above, the thermalization time of fem-
tosecond laser excited nonequilibrium electrons has been
independently observed to be about 500 fs.'’71° This is
supported by our results that ballistic electrons were not
observed in samples with thicknesses of 400 nm in which
the traversal time of the electrons is ~500 fs or longer.
In order to move the analysis beyond this point we as-
sume a thermal equilibrium among the electrons arriving
at the back surface of the 400-nm-thick films as well as a
pure diffusive transport of these electrons. We numeri-
cally solve Egs. (1a) and (1b) for the back surface T, in
the 400-nm-thick samples using the method described in
Ref. 20. The electronic heat capacity C,(T,)=66
J/m*K*X T, for gold,?! and the electron-phonon cou-
pling constant is G=3.5X10'* W/m? K for single-
crystalline films and G=4X10'* W/m3K for polycrys-
talline films according to Ref. 2. The diffusion coefficient
K is treated as a parameter. The best agreement with the
experimental data is found at k, =310 W/mK in the case
of single-crystalline films, while for polycrystalline films
k, =180 W/mK provided the best solution. The results
of the calculations, AT, =T,(¢t)— T ,ppient> are displayed
with open circles in Figs. 1 and 2. Since the calculations
are limited to T, at the back surface of the films, the
agreement with the experiment decreases for delays
larger than ~2 ps beyond which the influence of the
effective lattice temperature on AR /R (¢) is not negligi-
ble.

The difference in the transport of nonequilibrium elec-
trons across single-crystalline and polycrystalline films is
also demonstrated by measuring the intensity of the max-
imum of the transient thermoreflectivity at the back sur-
face as the function of the film thickness. The results,
AR /R™*(W), for polycrystalline and single-crystalline
samples are displayed in the inset of Fig. 3. An approxi-
mately exponential decay of the magnitude of the tran-
sient thermoreflectivity is observed in both samples. A
somewhat stronger decrease in AR /R ™**( W) is observed
in the polycrystalline versus the single-crystalline sam-
ples,'* supporting the results obtained by measuring the
transversal time of the electrons. This observation is also
consistent with previous experiments® in which an
enhanced electron cooling rate was observed in polycrys-
talline films and, hence, the energy transported by the
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electrons is expected to decrease.

Finally we discuss our experiment in the terms of the
Mayadas-Shatzkes model of the electron transport in
polycrystalline metals.> In this model the grain boun-
daries are represented by parallel planes separated ran-
domly with an average distance of d. The grain boun-
daries are assumed to partially reflect the electrons with a
reflection coefficient r. It is also assumed that grain
boundary scattering occurs simultaneously with an iso-
tropic scattering background (due to electron-electron
and electron-phonon interactions), and the interplanar
spacing d can be identified as the average grain diameter

(d=a Under these circumstances Tellier and co-
workersnﬁ23 have shown that transport in the polycrystal-
line films can be described by an effective mean free path
l,. We refer to this as the Mayadas-Shatzkes-Tellier
(MST) model, and express the effective mean free path as

L/l=fla)=1—3a+3a’—3’In(1+1/a), (2)

where I, is the bulk mean free path in the single-
crystalline material and

= /a,)r/(1=r)]. (3)

It follows from Egs. (2) and (3) that the reflection
coefficient of the electrons at the grain boundaries can be
determined if /, and /; are known. The mean free path of
the electrons could be calculated from the electronic
thermal conductivity if an electronic temperature exists.
Since this is not generally the case, we adopt an empirical
approach described in Ref. 24. Specifically we fit
a exp(—W/I) to the back surface AR /R™**(W) signal
displayed in the inset of Fig. 3, and define / as an average
mean free path of the excited electrons. The method
yields /,~34 nm and /;~54 nm for the polycrystalline
and single-crystalline films, respectively. Substituting /,
and /; into Egs. (2) and (3), we obtain an estimate of
r=0.12 for the reflection coefficient of nonequilibrium
electrons excited in the present experiment. At this point
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it would be interesting to compare this value with that
obtained with electrons thermalized with the lattice.
However, to the best of our knowledge, there are no data
available for gold. On the other hand, the grain bound-
ary reflection coefficients in Al (»=0.17) and in Cu
(r=0.24) obtained by electric current measurements>?
appear to be higher.

In summary femtosecond time-of-flight experiments on
thin gold films, with different crystal structures, have
been carried out in order to investigate the transport of
nonequilibrium electrons. The results indicate the pres-
ence of both ballistic and interactive components. The
ballistic component dominates the transport in thin sam-
ples. The dominant role of the ballistic component de-
creases with increasing sample thickness. For samples
thicker than 300 nm the transport is purely interactive.
Additionally, the effective velocity of the interactive
transport in the polycrystalline samples is observed to be
somewhat slower than that in the single-crystalline sam-
ples. If one assumes that at the back surface of the thick-
est samples an electronic temperature and diffusive trans-
port exist, it becomes possible to apply the “two-
temperature model” and to determine the coefficient of
the electronic thermal conductivity which appears to be
larger for single-crystalline films as compared to the poly-
crystalline films. The difference can be explained by the
reflection of the excited electrons at the grain boundaries.
Analyzing the results in the terms of the MST model per-
mits an estimate of the reflection coefficient (r) of the
electrons at the grain boundaries to be ~0.12. The
coefficient is slightly smaller than the values of » in Al
and Cu obtained with a different experiment technique.
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